Freshwater systems are facing mounting challenges as a result of excessive nutrient loading with 20 to 40% of global lakes and reservoirs considered eutrophic and unable to support their historical designated uses because of water quality impairments. While long-term basin-wide management measures that aim at reducing point and non-point pollution sources are invariably well known, they are often hard to implement in many watersheds due to socio-economic and political constraints. In this context, the use of algaecides can provide a temporary solution towards controlling excessive algal blooms, especially in the event of a toxic algal bloom. This study examined under laboratory conditions the efficacy of three algaecides (Copper Sulphate, Potassium Permanganate, and Diquat) on the hepatotoxin producing freshwater cyanobacteria Microcystis aeruginosa. Algaecide efficacy was measured over 96 hrs. The results showed that Diquat and Copper Sulphate were significantly more effective than Potassium Permanganate for controlling Microcystis aeruginosa. Reduction rates were temporarily variable, with the largest rates reported between 48 and 72 hrs of treatment. Optimal dosages for the three algaecides were developed, while ensuring that application rates were environmentally safe.
Introduction
Harmful algal blooms (HABs) are responsible for the impairment of a large portion of the world's reservoirs and lakes [1, 2] . Generally, HABs are stimulated by excessive anthropogenic loading of nutrients reaching waterbodies, particularly phosphorus and nitrogen [3] [4] [5] [6] [7] . Cyanobacteria are the dominant algae type responsible for HABs and the impairment of freshwater systems [8] . Some cyanobacteria are known for the release of cyanotoxins, which can cause fish kills, affect human health, and lead to the loss of key ecological functions and services [6, [9] [10] [11] . Of particular concern is Microcystis, a cyanobacterium with strains capable of releasing hepatotoxic toxins, given its dominance in eutrophic freshwater systems, including some of the world's largest lakes and reservoirs [6] . Microcystis affected systems are often heavily impacted by human activities, especially non-point pollution sources [12 14] . Moreover, weather is another important factor that appears to play a critical role in its proliferation, with warm and static conditions promoting its blooms [5, 7] .
Various control measures have been proposed to counteract these blooms including the application of chemical algaecide, enhancing mechanical mixing, manipulating the food web, and decreasing nutrient loads. While the latter is often the most effective solution on the long run, specifically when targeting point and non-point nutrient sources, its implementation is often hindered by socioeconomic challenges and the need to implement a comprehensive watershed-level management plan (e.g. Total Maximum Daily Load programs). The use of algaecide is invariably considered as the most practical short-term solution to deal with cyanobacteria blooms.
The most commonly used algaecide is Copper Sulfate (CuSO4); it has been in use since the early 1900s. It is inexpensive, accessible, and highly effective on almost all species of cyanobacteria [8, 15] . It controls algae by competing with magnesium in the chlorophyll molecule or by inhibiting the electron transport in photosystem II [16] . Another algaecide that has been in use since the early 1960s is Potassium Permanganate (KMnO 4 ). Its use has been promoted by its low environmental hazard as compared to copper [17] . Hydrated MnO 2 released from the KMnO 4 treatment has been shown to promote the coagulation of surface algae cells [18] . Additionally, KMnO 4 preoxidation was shown to be highly effective in promoting the coagulation of Microcystis aeruginosa [19] . Another promising algaecide is Diquat, a widely used herbicide that has been available commercially since the 1950s. It acts specifically on photosynthetic tissues and interferes with electron transport, replacing Nicotinamide Adenine Dinucleotide Phosphate (NADP). Phlips, et al. [20] examined the effect of diquat on the growth of several species of phytoplankton and cyanobacteria; they found that 7 out of 10 tested species showed sensitivity. Microcystis aeruginosa was one of those affected. Diquat has been recently used across eight New Zealand lakes to control submerged aquatic weeds [21] .
This study examines the effectiveness of Copper Sulphate, Potassium Permanganate, and diquat in controlling Microcystis aeruginosa blooms. A laboratory experiment was conducted with the use of cultured blooms propagated from raw water collected from a hyper-eutrophic reservoir. Different dosages were tested with regards to their achieved reductions over 5 days. Dosages were statistically compared in an effort to define the optimal dosage for each algaecide. Finally, the three algaecides were compared with regards to their optimal dose and ability to minimize environmental risks.
Methodology

Sampling location and culturing
Surface water samples were collected from the Qaraoun Lake (Figure 1 ), a hypereutrophic reservoir draining a heavily agricultural basin that suffers from point and non-point source pollution [22, 23] . The recent proliferation of Microcystis aeruginosa in the lake is impairing its use for irrigation, as the algae clog sprinklers and pumps. Samples from the reservoir were collected in the summer season (August-September 2015), following a Microcystis aeruginosa bloom. Surface water samples were collected at approximately 10 cm below the water surface. Concurrently, water quality samples were collected and analysed for pH, temperature, conductivity, and dissolved oxygen. These were used to establish the lab conditions set for algae culturing. 
Experimental procedure
Freshly collected Microcystis aeruginosa samples were grown in 20 L glass beakers that were provided with a 12:12 light:dark cycle, enriched with nutrients, 25°C water temperature, and bubbled with air to ensure no carbon limitation and enhance mixing. The batch was routinely sub-cultured to maintain logarithmic growth phase. After achieving healthy cell density > 1.0×10
Microcystis aeruginosa, samples were diluted using filtered lake water to achieve a final concentration of approximately 10,000 cells/ml. Note that most Microcystis aeruginosa cells were colonial. Cell density and composition were determined by the use of a hemocytometer under a Zeiss fluorescence microscope (Axiovert 200).
For chlorophyll-a analysis, a known volume of sample with a magnesium carbonate buffer was filtered through a membrane filter paper, which was stored overnight at -20°C to facilitate bursting of algal cells. Chlorophyll-a was then extracted using a 90% acetone solution and sonification. Extracts were seeped in the acetone solution overnight and then clarified using centrifugation.
Chlorophyll-a concentrations were calculated based on absorbance (Standard Method 10200 (HS2)) measured on a HACH DR3900 spectrophotometer [24] . Algaecides were prepared from stock concentrates, which were diluted to obtain the desired dosages. CuSO4 was supplied from Sigma Aldrich as Copper (II) sulfate pentahydrate (209198 ACS reagent), Diquat as Diquat dibromide monohydrate (Supleco N11816 analytical standard), and Potassium Permanganate (Merck and Co. M5080). The stock solutions of CuSO 4 and KMnO 4 were tested using graphite furnace atomic absorption spectrophotometry (USEPA method 200.9), and High Performance Liquid Chromatography was used for diquat (USEPA method 549.2). For CuSO 4 , dosages of 0.2, 0.5, 0.8, and 1 mg/L were prepared. KMnO 4 efficacy was tested under 1, 2, and 3 mg/L concentrations; diquat was prepared under 1 and 2 mg/L concentrations.
Inhibition tests were conducted in 250 ml Erlenmeyer flasks that were prefilled with the diluted (10,000 cells/ml) Microcystis aeruginosa culture media. According to the developed EPA inhibition procedures [25] , the flasks were placed on shelves and irradiated with 3 florescent lamps that provide 4306 lux. Three replicates were used as controls. Similarly, inhibition tests for each algaecide-dose combination were conducted in triplicate samples.
Temperature, pH, and dissolved oxygen (DO) were monitored daily throughout the experiment across all flasks. The pH varied between 8.7 and 9.4, temperature was between 23.6 and 24.4°C, and DO levels were between 11.40 and 14.26 mg/L. 50 ml samples were collected from each flask at 24h, 48h, 72h, and 96h contact time. The collected samples were used to count Microcystis aeruginosa cells and to determine chlorophyll-a concentrations that act as a surrogate of algae biomass [24] . During cell counts, the state of the cells was monitored, with emphasis placed on whether the Microcystis aeruginosa were colonial or unicellular. At the end of the experiment (96h), nutrients content, hardness, turbidity, and the chemical residuals of each algaecide were tested. The latter was used to ensure that the applied dosages were within safe environmental standards.
Statistical analysis
The effect of dosage for the three algaecides was assessed, while accounting for potential changes in efficacy over time. This was conducted through the use of a 2-way ANOVA. The potential for an interaction between dose and time was assessed through the inclusion of an interaction term. The analysis was conducted in the software R [26] . Tukey's method for multiple comparisons was used to identify differences of significance between dosages and time. Note that chlorophyll-a concentrations were square root-transformed to achieve normality. Additionally, multiple linear regression models were developed for each dose to predict changes in chlorophyll-a concentrations as a function of time. The developed models were used to determine the change in the rate of chlorophyll drop over time and the time at which the minimum concentration was achieved. These two metrics were used to compare efficacy across dosages and algaecides. The results were used to define the optimal dose for the three algaecides.
Results and discussion
All three algaecides proved effective in controlling Microcystis aeruginosa, albeit with marked differences in efficacy. The observed drop in chlorophyll-a concentrations exhibited a similar pattern across algaecides, with the lowest chlorophyll-a concentrations observed after 48 hr contact time (Figure 2 ). CuSO 4 proved to be highly effective in controlling Microcystis aeruginosa across all doses. Colonies broke down into individual cells within the first 24 hr. Reductions in chlorophyll-a concentrations were affected by the applied dose; moreover, the effect of the dose was found to be a function of exposure time. Statistically, average chlorophyll-a concentrations decreased as the CuSO 4 dose was increased (p-value < 0.05). Reductions of 55 to 60% were observed after 48 hr of treatment, even with the lowest dosage (0.2 mg/L). Inhibition increased with dosage, reaching 90% at 48 hr with a dose of 0.5 mg/L (Figure 2 ). For both the 0.8 and 1 mg/L dose, 90% reduction was achieved after 24 hr, with an inhibition of 99% following 48 hr of exposure. No statistical difference was discerned between 0.8 and 1 mg/L CuSO 4 ; both were equally effective (p-value 0.94), indicating that the former is the optimal dose to use. Observed reductions are consistent with results reported by Fan et al. [15] , who reported reductions of 98% at a CuSO 4 dose of 1 mg/l.
The temporal changes in average chlorophyll-a concentrations were statistically different over the four days of the experiment (p-value < 0.05), except for levels observed on 48 and 72 hr (p-value = 0.20) and levels observed on 24 and 96 hr (p-value = 0.997). The former coincides with the period where the lowest chlorophyll-a concentration was measures, while the latter is an indication of Microcystis aeruginosa recovery, whereby chlorophyll-a concentrations started to increase and reached levels similar to those observed after 1 day of treatment (Figure 2 ). Yet, microscopic inspection on the fifth day showed that the recovery was still not able to produce colonies, with most cells remaining in an unattached form (Figure 3) . The recovery could be due to the development of resistant mutants that are able to survive under high Cu +2 concentrations [27] . Lowest chlorophylla concentrations were observed following 48 hrs of treatment.
KMnO 4 exhibited the least effectiveness in reducing Microcystis aeruginosa. Colonial cells which were disrupted under the highest applied dose only (3 mg/L), following 48 hr of treatment (Figure 3 ). With the 2 mg/L KMnO 4 dose, colonies persisted even though the average colony size decreased after 72 hr. At the lowest dosages (1 mg/L), colonies were largely unaffected throughout the entire period of the experiment (Figure 2) . Average chlorophyll-a concentrations were not statistically different between the 1 and 2 mg/L algaecide dose (p-value= 0.055). However at the 3 mg/L dosage, the concentrations were statistically lower than those observed under the two lower dosages. Under the 3 mg/L KMnO 4 dosage, 75 to 80% inhibition was achieved after 48h. Knappe [19] reported an 80% efficiency for Microcystis aeruginosa removal when samples were treated with 3 mg/L of KMnO 4 . Lowest concentrations were observed on the second day following treatment (Figure 2 ). Note that after 96 hr following treatment with KMnO 4 , chlorophyll-a concentrations across all dosages were not statistically different than those observed under the control (p-value = 0.3, 0.53, and 0.35 for 3, 2, and 1 mg/l, respectively), indicating that the Microcystis aeruginosa was able to make a full recovery even under the highest KMnO 4 dose applied (Figure 2 ). Diquat was found to be highly effective under the two tested dosages (0.5 and 1 mg/L) when compared with the control (p-value<0.05). No statistically significant difference in inhibition was observed between the two dosages. Microscopic observations showed that the colonies disappeared under both dosages during the first 24hr; unicellular Microcystis aeruginosa were also found to disappear after 48 hrs (Figure 3) . After 24h chlorophyll-a levels were found to have dropped by around 50%. Diquat's effect was most pronounced after 48 hr of treatment, where reductions approached 100% (Figure 2) . Recovery of Microcystis aeruginosa was largely negligible after 96 hr; concentrations were 17 and 11% of levels measured under the control for 0.5 mg/L and 1 mg/L respectively. This highlights the persistent algaecidal effect that diquat has on Microcystis aeruginosa colonies. The efficacy of diquat on cyanobacteria control has been reported by Phlips et al. [20] , where strong inhibition (>90%) was observed even for dosage as low as 0.3 mg/L. Chlorophyll-a temporal dynamics following the application of algaecides was best described by a quadratic regression model. The functional form of the model permits accounting for the rapid initial decrease associated with algaecide inhibition followed by a potential recovery phase, during which Microcystis aeruginosa starts to recover. Table 1 shows the developed models for the optimal dose for each of the three algaecides (CuSO4 = 0.8 mg/L; KMnO 4 = 3 mg/L; diquat = 0.5 mg/L). Figure 4 compares the models and their prediction intervals with actual data observed. The quadratic regressions appear to capture the dynamics reasonably well, especially for CuSO 4 and diquat (R 2 > 0.9). The low R 2 associated with KMnO 4 is a direct result of the large variability among the replicates and the low inhibition action of the algaecide. The minimum chlorophyll-a concentration occurred at 62, 60, and 71 hr for CuSO 4 , KMnO 4 , and diquat respectively (Figure 4) . These results highlight that the diquat's algaecidal effect on Microcystis aeruginosa and the initiation of algae recovery tend to lag by ~10 hr when compared to the two other algaecides. Nevertheless, diquat's rate of inhibition is higher than that for CuSO 4 and KMnO 4 (Figure 4) , underscoring the superior efficacy of diquat as an algaecide. Table 1: Multiple linear regression models representing chlorophyll-a dynamics with time (T) following the application of the algaecides. Residual concentrations of algaecides after 96 hr of exposure were below threshold standards for drinking water. Under the optimal algaecide dose of 0.8 mg/L of CuSO4, the residual concentration of cupper was below 0.6 mg/L (WHO standards for Cu < 2 mg/L [28] ). For KMnO 4 , residual Mn concentrations did not exceeded 0.15 mg/L, even when the algaecide dose was 3 mg/L. The WHO guideline value for Mn in potable water is 0.4 mg/L [28] . Given that diquat is strongly adsorbed to soil and is rarely reported in drinking water sources, the WHO proposed an acute health-based values of 20 mg/L [28] . The residual concentration when 0.5 mg/L diquat was used was finally below 0.1 mg/L. 
Conclusion
The following conclusions can be drawn based on the results of this study:  The three tested algaecides (CuSO 4 , KMnO 4 , and Diquat) were effective in controlling Microcystis aeruginosa blooms when compared to the control, albeit with different efficiencies.  Diquat proved to be the most effective algaecide in terms of reducing algae concentrations and inhibiting their recovery. In the same context, KMnO 4 exhibited the least effectiveness. While CuSO 4 was found to be an effective algaecide, its effectiveness diminished with time. This may point towards the promotion of Cu
+2
tolerant Microcystis aeruginosa cells.  All three tested algaecides showed statistically significant differences in efficiency as a function of dose and exposure time. Lowest concentrations were observed after an exposure time between 48 and 72 hrs.
